The design and implementation of environmental policy often involves more than one pollutant, and must consider pollution as a byproduct of the production of marketable output. In this paper, we test the implicit assumption in the empirical literature that (1) production of marketable output, pollution, and abatement are separable, and (2) different pollutants can be abated separately. Using unique plant-level data in India, we reject the null hypotheses of separability between marketable output and pollutants, and between different pollutants. Firms must incur abatement costs for reducing pollution levels. In addition, complement and substitute relationships between water pollutants are demonstrated with statistical significance. JEL Classification: Q2; L5.
Introduction
In the environmental economics literature, there are usually two implicit assumptions:
The first assumption is that the production of marketable output, pollution, and abatement are separable. This assumption precludes the options of controlling pollution through changes in production processes and input substitutions, and relies only on end-of-pipe treatment technology. This is because the production side is excluded in abatement evaluation. However, clean technology plays an important role in pollution management, and sound environmental policy must consider pollution a byproduct of the production of marketable output (Montero, 2001) .
The second assumption is that different pollutants are abated separately. Previous studies often focus on the regulation of a single pollutant. Many production processes are, however, accompanied by multiple emissions of pollutants. This assumption prevents abatement technologies that allow for the joint abatement of several pollutants. Recent abatement technologies, however, allow for the joint abatement of several pollutants and the choice of input mix needs to be treated concurrently. Therefore, in general, abatement decisions cannot be made separately for each pollutant level (Eskeland, 1997) .
For example, biological oxygen demand (BOD) and chemical oxygen demand (COD) are measures of organic water pollution, and reduction in one pollutant often entails reduction in another, implying that these pollutants complement one another in the abatement process. Another example shows that pollutants may also substitute for one another. The abatement of sulfur dioxide (SO 2 ) emissions from power plants requires considerable energy, leading to an increase in carbon dioxide (CO 2 ) emissions. These general assumptions are very rarely tested in empirical applications, which leads to potential biases in policy recommendations. For example, if two pollutants are complements, we overestimate the true abatement compliance cost for each pollutant. If pollutants are substitutes, we underestimate the cost. Also, there might be an unintended consequence of increases in one pollutant by reductions in another pollutant. The aim of this study is to empirically test such assumptions.
In one recent study, Moslener and Requate (2007) find that, using a framework where the abatement costs of several pollutants are non-separable, optimal emission paths are qualitatively different for substitutes and complements, even if the pollutants are symmetric with respect to both their abatement costs and the damage they cause. The authors obtain non-monotonic behavior in the emission abatement paths 1 . They call for empirical research that estimates substitutability/complementarity between different pollutants using non-separable functions of marketable output, pollution, and abatement.
Results of these empirical studies will be useful for setting policy tables of optimal pollution reduction targets, and thereby developing appropriate policy instruments.
In this study, we develop a model of joint production technology using the framework developed by Färe et al. (2005) . We apply this model to Indian water polluting industries. Applications in developing countries are important because water pollution is currently the key pollution problem in these countries, and regulations are regularly implemented because of this problem.
We use a directional output distance function for testing the separability of marketable output and pollutants, as well as the interaction between pollutants within given sets of pollutants. The directional distance function simultaneously seeks to expand marketable output and contract pollutants. Moreover, the function treats marketable output and pollutants asymmetrically. That is, outputs can be either strongly or weakly disposable. Strong disposability implies that a firm can reduce pollutants without incurring any abatement costs. Weak disposability assumes diversion of resources from the production of marketable output.
The function is specified parametrically with a quadratic functional form, and is used to estimate the combined environmental and technical efficiency, shadow prices of BOD, COD and Suspended Solids (SS), and the elasticity of substitution between marketable output and pollutants, as well as within pollutants. Though BOD and COD are expected to be complements (because of the similarity in their measurement targets), SS may not be a complement to BOD and COD. The directional output distance function 1 Theoretically, Moslener and Requate (2007) show cases for substitutes and complements. For substitutes, one pollutant may initially increase while another decreases along the optimal emission path. Then, both pollutants approach the steady state. For complements, this pattern is reversed. Initially, both pollutants are reduced or relaxed simultaneously. Then, there is a fine-tuning in the allocation of the two pollutants.
One pollutant may approach the steady-state level from below, while the other may approach it from above.
could be estimated either deterministically or stochastically. The deterministic procedure accounts for all deviations from the observed frontier in measuring inefficiency. Some of the deviations of observed outputs from the frontier, however, might be due to measurement and random errors. Therefore, the directional output distance function is estimated as a stochastic frontier in this paper. We find that the production of marketable output cannot be separated from the production of pollutants, and that the production (or, for that matter, abatement) of one pollutant cannot be separated from the production of another pollutant. We also find that there is complementarity in the abatement of BOD and COD effluents, though there is substitutability in the abatement of BOD (and COD) effluent and the effluents of SS.
The remainder of the paper is organized as follows. Literature review is provided in Section 2. Section 3 specifies the theoretical and empirical framework of the joint production of marketable output and pollutants. Section 4 discusses the data and empirical results, and Section 5 summarizes the study and provides some concluding remarks.
Backgrounds
The separability assumption has been considered in the theoretical and empirical literature, though there are few formal empirical tests 2 . Schwabe (1999) shows that relaxing separability assumptions can increase efficiency gains for marketable permits to command and control. Similarly, Wossink et al. (2001) illustrates that production of marketable output, pollution, and abatement are decided simultaneously and cannot be treated separately.
In the empirical literature, two approaches relate to separability assumptions. One assumes that marketable output is separable from the production of pollutants (or pollution abatement). For example, Bellas (1998), Goldar et al. (2001) , and Dasgupta et al. (2001) estimate marginal abatement costs assuming separability between marketable 2 Exceptions are Féres and Reynaud (2005) and Pascoe et al. (2007) , who consider non-separability. Féres and Reynaud (2005) investigate the water demand of Brazilian manufacturing by estimating a multiproduct translog cost function. Pascoe et al. (2007) apply an output distance function approach for North Sea fishers.
output and pollutants. The second method considers non-separability and models joint production of marketable output and pollution. Kolstad and Turnovsky (1998) , Carlson et al. (2000) , Managi et al. (2005) , and Murty et al. (2007) consider pollution a byproduct of the production of marketable output. The second method has the advantage of analyzing the abatement effort in terms of reduced production of the marketable output that results from reducing a pollutant, and captures synergies in the joint abatement of multiple pollutants.
The design and implementation of good environmental policy necessarily involves more than one pollutant (Eskeland, 1997) . Beavis and Walker (1979) show that the standard and tax approaches 3 for controlling environmental pollution (based on the assumption of separability in joint abatement cost functions) leads to sub-optimal environmental policy when there are multiple pollutants that are simultaneously generated and abated.
Montero (2001) and Schmieman et al. (2001) recognize the importance of interactions between pollutants for policy, and theoretically model the joint abatement of various pollutants. Greenstone (2003) empirically examines the effect of reducing air pollution in the iron and steel industry between 1987 and 1997, and finds that the lead, particulate matter, and ground level ozone non-attainment designations of the Clean Air Act Amendments are associated with reductions in total emissions of these pollutants.
Thus, he finds little evidence of substitutes among pollutants. Burtraw et al (2003) calculate the reduction in SO 2 and nitrogen oxides emissions as an ancillary effect of reducing CO 2 emissions. Dellink (2005) The function inherits its properties from the production technology, P(x). The production technology is defined as:
The production technology may be modeled in alternative ways. The outputs are strongly or freely disposable if (y, b)∈ P(x) and (y' , b') ≤ (y, b) ⇒ (y' , b') ∈ P(x). This implies that if an observed output vector is feasible, then any output vector smaller than that is also feasible. This assumption excludes production processes that generate pollutants that are costly to dispose of. Concerns for pollution reduction require that these should not be considered freely disposable. In such cases, bad outputs are considered
. This implies that pollution disposal is costly and that abatement activities would typically divert resources away from the production of marketable outputs, leading to lower marketable outputs for given inputs or the employment of more resources for a given level of marketable output.
Marketable outputs are assumed to be null-joint with the pollutants. 5 Formally, the directional output distance function is defined as:
This function requires a simultaneous reduction of pollutants and expansion of marketable outputs. The computed value of β (i.e., * β ) provides the maximum expansion of marketable outputs and reduction of pollutants if a firm has to operate efficiently given the directional vector g. The vector ) , (
) is scaled, so as to reach the boundary of the output set at the point ) (
. This is accomplished by expanding marketable outputs and reducing pollutants, where
The directional output distance function derives its properties from the output possibility set, P(x) (see Färe et al., 2005) . 6 These properties include monotonicity conditions for marketable outputs and pollutants, and, from its definition, a translation property that is the additive counterpart to the homogeneity property of the Shephard distance functions. The translation property implies that:
Moreover, the advantage of a directional output distance function is that it allows one to consider disproportional changes in outputs, and makes it possible to expand one output while reducing another. The distance function takes the value of zero for technically efficient output vectors on the frontier, whereas positive values imply inefficient output vectors below the frontier. The higher the value, the more inefficient is the output vector.
The directional output distance function is parameterized using an (additive) quadratic flexible functional form, following Färe et al. (2005) . In our case, the particular form is expressed as follows, with one marketable output (y 1 ), three pollutants (BOD = y 2 , 5 Null-jointness implies that a firm cannot produce marketable outputs in the absence of pollutants, i.e., 0 then 0 and )
COD= y 2, and SS = y 3 ), and three inputs (materials = x 1 , wages = x 2 , and capital stock = 1, 2, 3; 2, 3, 4
Those constraints follow from the translation property, and
, where 1 refers to marketable output and -1 refers to the pollutant direction vector. Furthermore, t is a time trend, and I p are industry dummies.
Production of marketable output is separable from the production of pollutants or the production of a single pollutant, say BOD, and is separable from the production of another pollutant, say COD, if the following condition is satisfied: 
In other words, for the outputs to be functionally separable in a quadratic directional output distance function, following Blackorby et al. (1977) , first and second order derivatives of the distance function should satisfy the following condition: 
where the subscripts on the distance functions refer to first-and second-order partial derivatives with respect to outputs. For example, D j is the first order partial derivative of the distance function with respect to b j, and D jk is the second order derivative of the distance function. Färe et al (1993) was the first study estimating the marginal abatement costs (shadow prices) of pollutants using an output distance function that considered non-separability between different outputs. The output distance function projects the observed output vector onto the boundary of the output set by increasing all outputs proportionally, including pollutants. However, in the case of a directional output distance function, it is possible to project to the frontier in a direction that decreases pollutants and increases marketable output. Färe et al (2005) estimated the marginal abatement cost for SO 2 emissions using a directional output distance function. Following this study, Murty et al. (2007) estimated the marginal abatement cost functions for air pollutants in a nonseparable production framework. The derivation of marginal abatement costs using a distance function requires the assumption that one observed output price is its shadow price. Let y 1 denote the marketable output, and assume that the observed marketable output price equals its absolute shadow price ( 
Marginal Abatement Costs of pollutants
. ,...., 3 , 2 , / / 1 N i y D b D r r i o s i = ∂ ∂ ∂ ∂ =(7)
The Morishima elasticity of substitution
A directional output distance function can be used to measure the interaction between different outputs, as it completely describes the production technology, including curvature. The curvature measures the ease with which marketable outputs can be substituted with pollutants, and the ease with which pollutants are substituted for one another in the production process. The curvature can be quantified using the concept of Morishima elasticity of substitution, which is the ratio of relative change in the shadow prices of marketable output and pollution to the relative change in pollution intensity (i.e., the ratio of bad output to good output). Following Russell (1989) and Färe et al. (2005) , the indirect Morishima elasticity of substitution between outputs may be defined as:
and in terms of directional output distance function, the Morishima elasticity of substitution, following Färe et al. (2005) , between marketable output and pollution (and within pollutants) can be specified as:
, and
where y * and b * are the frontier values of marketable output and pollution, respectively.
Given the monotonicity and concavity properties of the directional distance function with respect to good and bad outputs, the sign of M i1 should be negative along the positively sloped portion of P(x) (when the bad outputs are assumed to be weakly disposable). The higher values of M i1 (in absolute terms) indicate that a given change in the ratio of outputs will yield higher changes in the shadow price ratio. Therefore, as the elasticity of substitution becomes more negative, it becomes more costly to reduce pollution.
Moreover, the Morishima elasticities are not symmetric, i.e.,
. This is as it should be and allows for asymmetry in the substitutability of different outputs.
The sign and magnitude of M ij is of particular interest. It reveals the ease of substitution or complementarity between two pollutants. Positive signs of Morishima elasticity of substitution imply that bad outputs are substitutes for one another, i.e., the reduction in the relative shadow price ratio of two bad outputs due to a reduction in the relative intensities of bad outputs. But a negative sign implies that the two pollutants are complements to one another, i.e., reductions in one pollutant lead to reductions in the other pollutant.
The empirical model
To estimate the parameters of the quadratic directional distance function parameterized in equation (4) 
The value of directional output distance function is not observable; to estimate its value,
from both sides of equation (10) 
where the term µ is the inefficiency component of the error term,
. To recover the inefficiency component of the composite error term, one needs to assume a distributional structure for µ. This study adopts a Maximum Likelihood (ML) estimation approach, while assuming a half normal distribution for the one-sided error term.
We use unique data from a survey of water-polluting industries in India. 9 These survey data provide information about characteristics of India's main plants for the three financial years 1996-1997, 1997-1998, and 1998-1999 . Plant-level data is appropriate since it allows us to avoid the problem of aggregation in variables. The data is provided for sales values, BOD, COD, and SS pollutants, capital stocks, wage bills, and other material input costs for a sample of 92 plants. The firms in the sample include leather, distillery, chemicals, sugar, paper products, fertilizers, pharmaceuticals, drugs, petrochemicals, iron and steel, refining, and other industries. Sales in real 1996 values are considered a good output measure, while the three generated pollutants, BOD, COD, and SS, are considered bad outputs in the estimation. Descriptive statistics for the variables used in the study are given in Table 1 .
To estimate the directional distance function, we divide each input and output by its industry specific mean value following Färe et al (2005) . To invoke the translation property for estimating the directional output distance function, we choose α for each observation equal to the industry specific index value of the sales value (marketable output). Control Board (SPCB). These letters were followed by letters from the project director to the offices in charge of SPCB offices at district headquarters, requesting them to follow up with the plants in their jurisdiction to provide the information asked for in the questionnaire. Finally, staff and senior officials visited SPCB offices and plants to secure filled-in questionnaires from as many plants as possible. We should note that the data covered in our data does not represent the entire Indian industry. In addition, our data covers mostly large plants in the industry, and most of these are the ones that comply with environmental standards or make significant efforts toward water pollution abatement. However, we believe this performance of pollution abatement activities can be well analyzed in this data because of the data's reliability.
industry dummies in the estimation of the directional distance function to account for time and industry specific effects in the pooled sample of 276 observations.
The estimated parameters for the directional output distance function are presented in Table 2 . We find that the ML estimation parameters are statistically significant. Most of the first-order parameters have the expected signs and are statistically significant. Looking at the second-order parameters, it appears that they reveal interesting results. These, however, require a more detailed analysis to understand their ultimate influence. Thus, using the estimated coefficients, we are able to verify that the resulting distance functions satisfy regularity conditions for average values. For the directional output distance function to be well behaved, it needs to be non-negative and the constraints of monotonicity, symmetry, and the translation property need to hold. In a stochastic estimation of the distance functions, translation and symmetry properties are
imposed, and monotonicity is tested for afterwards. Table 3 presents the percentage of observations that satisfy monotonicity conditions for all inputs and outputs. 11 We find that the monotonicity condition with respect to sales values is satisfied by most of the observations. With respect to BOD, the monotonicity condition is satisfied by 51 percent of the observations. Similarly, we find that the condition of monotonicity is fulfilled by about 65 percent observations with respect to COD. With respect to SS, we find that the monotonicity condition was satisfied for only 24 percent of observations.
One of our major goals is to empirically test for non-separability between marketable output and pollutants, as well as within the set of three pollutants. As outlined above, we follow Blackorby et al. (1977) for testing the hypothesis of separability between outputs in a directional output distance function framework. Here, separability implies that marginal transformation rates between a pair of outputs in the separated group are independent of the levels of outputs outside the group. Separability test results are reported in Appendix Table A1 . These results lead us to reject the null hypotheses of separability between marketable output and pollutants, and between different pollutants.
Application of the econometric approach for estimating parameters allows us to test whether the distribution of the inefficiency term is significantly different from zero.
The log-likelihood ratio test helps reject the null hypothesis of zero inefficiency, i.e., the Indian water polluting plants are not operating at the frontier P(x), on average. The inefficiency estimates of ) ( ε µ E (i.e., the value of the directional distance function) is obtained for each observation following Kumbakhar and Lovell (2000) . Table 4 shows industry-specific average estimates of technical inefficiency. For a representative water polluting firm, and using the overall sample mean of inputs to produce the sample mean of outputs, the estimated value of the directional output distance function is 0.27. This indicates that production is not technically and environmentally efficient. These water polluting firms could, on average and without changing resources or developing technology, increase sales by 516 million Indian Rupees (Rs.) (3291.9×0.27) and reduce BOD, COD, and SS by 13,671, 93,043, and 26,857 thousand kilograms, respectively. We find that the petrochemicals industry is the most inefficient, and the chemicals industry the most efficient, industry in India. Table 5 provides estimates of industry-specific shadow prices for pollutants for observations that satisfy monotonicity conditions. These can be interpreted as the marginal abatement costs for these pollutants. These shadow prices are negative, reflecting marketable output and revenues foregone as a result of reducing the effluent by 1,000 kilograms. For instance, the average shadow price per thousand kilograms for water-polluting industries is Rs. 0.078 million for BOD, Rs. 0.030 million for COD, and Rs. 0.041 millions for SS. This implies that a reduction of BOD by one thousand kilograms reduces production by Rs. 0.078 million worth of positive output.
There is wide variation in the shadow prices of pollutants across plants and industries (see Table 5 ). In the case of BOD, the petrochemical industry shows the highest marginal cost of abatement. To reduce SS, the marginal abatement costs are highest in chemical producing firms. Distilleries must incur the highest marginal abatement costs to reduce COD in this industry. This finding corroborates the demands of the Indian petrochemical industry for higher BOD effluent standards as compared to other industries. In India, the effluent standard for BOD in the petrochemical industry is to distilleries with respect to COD effluent standards. In general, for COD and SS, the industrial effluent standards are 250 mg/l and 100 mg/l, respectively. Interestingly, the results presented by Färe et al. (1993) using an output distance function are quite close to shadow prices of BOD for US water polluting industries, though the results are not directly comparable.
Recall that the Morishima elasticity of substitution measures the relative change in shadow prices for outputs due to relative changes in output quantities. As these are indirect elasticities, the higher its value (in absolute terms), the lower is the degree of interaction between outputs. In the case of marketable output and pollutants, given the monotonicity condition, translation property, and concavity of the directional distance function, the sign of Morishima substitution elasticity between a pollutant and marketable output is expected to be negative, at least if there is only a single marketable output and a single pollutant.
The estimates of Morishima elasticities for the observations satisfying monotonicity conditions are presented in Table 6 . As expected, the signs of M 21 , M 31, and M 41 (i.e., the Morishima substitution elasticity between the pollutants BOD, COD, SS, and marketable output) are all negative. This result indicates that the reduction in any pollutant is not without costs, i.e., that firms have to incur abatement costs for reducing pollution levels. In the case of BOD, the elasticity of substitution is highest for the drug and pharmaceutical industries and lowest for miscellaneous firms, with an overall average of -0.986. Similarly, in the case of COD, pollution reduction is least difficult for petrochemical firms, but is more difficult for the fertilizer-producing firms. The elasticity of substitution between marketable output and BOD, COD, and SS varies in the ranges of -0.405 to -6.537, -0.326 to -8.173, and -0.591 to -253.70, respectively. Moreover, the results indicate that there is asymmetry in the substitution elasticity between marketable output and pollution, and between pollution and marketable output (see Table 6 ).
The interaction between the abatement costs of different pollutants can be explained by these estimates of Morishima elasticities. The results for substitution elasticities between BOD and COD indicate that if the intensity of BOD relative to COD is reduced, the relative marginal cost of the abatement ratio between two pollutants is reduced, i.e., the pollutants are complements to one another in the abatement process.
This complementarity is highest for chemicals-producing firms and lowest for the drug and pharmaceutical industry. Both pollutants are types of organic water pollution, though COD also incorporates the impact of other contaminants on the rate of oxidation by microorganisms in the water. Reduction of COD always entails some reduction in BOD, which is also true in the converse (see Dasgupta et al., 2001) . Contrary to the relationship between these two organic water pollutants, the relationship between BOD (or COD) and SS is one of substitutability, i.e., if the intensity of BOD (or COD) relative to SS is reduced, the relative marginal cost of the abatement ratio between the two pollutants increases. We also observe asymmetry in the elasticity estimates between different pollutants.
Discussion and Conclusions
The design and implementation of environmental policy often involves more than one pollutant. In general, each environmental policy tends to consider a single pollutant. The isolated analysis of only one pollutant may be qualitatively misleading if multiple pollutants are involved in a production activity (Moslener and Requate, 2007) . We can consider, for example, the case where increases in the stringency of environmental regulations on one pollutant cause plants to substitute a less regulated pollutant in the production process. In addition, sound environmental policy needs to consider pollution as a byproduct of the production of marketable output. When environmental quality and consumption goods are non-separable elements of consumer preferences or production technologies, a change in the level of environmental quality can affect market demands (Carbone and Smith, 2008) . Therefore, non-separability and substitutability of pollutants are crucial in considering the effect of pollution on the market economy. In the literature, however, researchers tend to assume: (1) production of marketable output, pollution, and abatement are separable, and (2) different pollutants can be abated separately.
In this study, using unique plant-level data in India with the pollutants BOD, COD, and SS, we test the validity of these common assumptions. We find that the reduction of any one pollutant is not without costs and, therefore, that firms must incur abatement costs for reducing pollution levels. In addition, BOD and COD are complements to one another in the abatement process. SS and the other pollutants, however, are substitutes.
Measures of BOD and COD measure the amount of organic compounds in water (Cheremisinoff, 2001) . The difference is that COD is less specific, since it measures everything that can be chemically oxidized, rather than just levels of biologically active organic matter (i.e., BOD). Therefore, the relative marginal cost of the abatement ratio between the two pollutants is reduced if the intensity of BOD relative to COD is reduced.
SS refers to small solid particles that remain suspended in water as a colloid due to the motion of the water. From an engineering viewpoint, it is not clear whether SS is a complement or substitute to other pollutants. Though all three measures are indicators of water quality, we find that relationships are different over pollutants and over industries.
From a practical policy viewpoint, policy targets should not necessarily consider the three pollutants independently. Instead, it might be appropriate to combine the three into a targeted index of BOD, COD, and SS to reduce monitoring costs.
No previous studies estimate the non-separability and substitutability of pollutants when considering the production processes and joint abatement of several pollutants. For example, Greenstone (2003) empirically examines the effect of reducing air pollution in the iron and steel industry, but does not consider the production side because data was not available. Our study contributes to the literature by empirically showing the importance of assuming non-separability and substitutability in economic modeling and providing policy guidance. Note: underlined parameters were calculated using the translation property. *, **, *** indicate the coefficient is statistically different from zero at 1, 5 and 10 percent respectively. y 1 , sales value, y 2 , BOD, y 3 , COD, y 4 , SS, x 1 , materials, x 2 , wages and x 3 , capital stock. 
